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Wastewater treatment has gone through different reforms to tackle the excessive production of 
wastewater due to population growth and industrialisation. BOD, COD, TSS, Nitrogen and 
Phosphorus are the primary pollutants identified in the municipal wastewater. Treating BOD, 
COD, TSS and phosphorus from wastewater is relatively more straightforward than nitrogen 
treatment.  The excessive intrusion of nitrogen in the form of ammonium, nitrate or nitrite to 
the water bodies causes eutrophication, which leads to the oxygen depletion in the water, 
resulting into loss of aquatic life. Furthermore, nitrate in potable water can cause 
methemoglobinemia (blue baby syndrome) and other health concerns to humans.  
Nitrification followed by denitrification is the conventional process of removing nitrogen from 
the wastewater. Nitrification is an oxidation reaction, whereas, denitrification is a reduction 
reaction take place under anoxic conditions. The conventional process is an energy-intensive 
process. The primary energy drain in the process is to pump air into the reactor. Further, the 
common requirement of adding an external carbon source for denitrification and excessive 
sludge production incurs extra operation cost.  
The conventional technology constraints worked as driving force motivating novel processes 
such as SND (Simultaneous nitrification and denitrification), PND (Parallel nitrification and 
denitrification) and Anammox (Anaerobic ammonium oxidation) etc. PASND (Passive aeration 
simultaneous nitrification and denitrification) is one of the emerging novel technologies 
recently developed. The technology was tested in the present study. It was established that the 
system was energy efficient and can remove carbon up to 96%. The nitrogen removal does not 
require any external carbon source and about 61% nitrogen removal was recorded. The process 
can be readily optimised for 80-85% removal by double passing the effluent through an addition 
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Chapter 1- Introduction and Literature Review 
1. Introduction 
Wastewater treatment is not new, as this topic has advanced throughout human history. 
Historically, wastewater produced was used on land for many centuries as an irrigation option. 
With time, as the population growth and industrial revolution took place, the municipal and 
industrial wastewater increased exponentially inhibiting its land applications. Therefore, 
wastewater treatment process is originated and went through different reforms to tackle the 
quality and quantity of wastewater produced (Andreas  Angelakis 2015). 
Waste in the water includes organic and inorganic components which lead to water-borne 
diseases. The organic waste can be microorganisms such as bacteria, virus, protozoa, fungi and 
organic carbons present in the water, which usually comes from human and animal faeces. On 
the other hand, two major inorganic chemical pollutants are nitrogen and phosphorus. Excess 
nitrogen in the form of ammonium, nitrate or nitrite can cause oxygen depletion and 
eutrophication of a water body. Further, nitrate can be a significant risk to human health, 
especially in infants causing methaemoglobinaemia hence, the removal of nitrogen has become 
an emerging worldwide concern. Carbon and nitrogen in the wastewater can only be efficiently 
removed by a biological process based on the microbial metabolism and nitrogen cycle (Zhu et 
al., 2008). Carbon and phosphorus are usually easier to eliminate from wastewater via 
biological and physiochemical treatment respectively. However, nitrogen removal is 
challenging mainly due to excessive energy consumption and requirement of external carbon 
source dosage for denitrification. 
There has been a lot of research work in recent past to optimise the biological nitrogen removal 




namely SND, PND, Anammox, CANON and so forth. PASND is one of the emerging novel 
technologies for nitrogen removal developed by Murdoch University.   
The prime focus of this project was to test a PASND bioreactor under different concentrations 
of influent and check the practical feasibility of zeolite, one of the attributes to incorporate into 
the bioreactor. With a few minor changes, the PASND bioreactor previously built by a PhD 
student was used for this project. The main idea behind the testing of the reactor was to mimic 
the real-world problems such as high strength influent, low C: N ratio, change in the carbon 
source and so forth faced by the wastewater treatment plants practically.   
1.1 Biological Carbon Removal   
The municipal wastewater has nutrients and carbon as principal pollutants present, which can 
raise the demand for oxygen and can result in oxygen depletion of the water body due to 
untreated wastewater disposal. The carbon present in wastewater is in dissolved (20-40%) or 
suspended (60-80%) form (Henze, 2008). Suspended carbon, such as carbohydrates and fats, 
can be excluded by physical treatment such as screening and primary clarification. The 
dissolved carbons, such as acetate, different alcohols and amino acids, can be microbially 
degraded. Biological removal of organic carbon can be achieved oxidatively or by assimilation 
via growing heterotrophic bacteria. Approximately 50% of carbon is converted to CO2 and the 
remaining 50% is assimilated into new biomass.  
The non-oxidative carbon removal from wastewater by microbes is by assimilation, storage and 
sorption mechanisms (Modin, Persson, Wilén, & Hermansson, 2016). During the growth of 
microorganisms, some of the carbon is assimilated in the bacterial cells resulting in the removal 
of a portion of carbon from wastewater, whereas, some microorganisms can store carbon 




(Modin et al., 2016) termed as storage. The sorption mechanism is physical and chemical 
process by which activated sludge and organic particles present in the wastewater join with 
each other.  
1.2  Biological Nitrogen Removal 
The conventional biological process is based on autotrophic nitrification and heterotrophic 
denitrification. Nitrification is an oxidation reaction carry out by ammonium oxidising bacteria 
in the presence of oxygen. In the process ammonium (NH4+) is oxidised to nitrite (NO2-) and 
then to nitrate (NO3-). The reaction releases protons resulting in decreasing pH of the 
wastewater in the reactor, which is known to inhibit ammonium oxidation.  
                2NH4+ + 3O2   2NO2- + 2H2O + 4H+ (Nitrosomonas, Chemoautotroph) ---- (i) 
                 2NO2- + O2  2NO3- (Nitrobacter, Chemoautotroph)------- (ii) 
                                          (Nitrification) 
Denitrification takes place under anoxic conditions where nitrate (NO3-) and nitrite (NO2-) are 
reduced to nitrogen in the presence of BOD as an electron donor. The reaction is carried out by 
heterotrophic bacteria which use carbon as an energy source for metabolism. In denitrification, 
a hydroxy group is released during the reaction. Hydroxides neutralise the pH decreased in 
nitrification process.  
               2NO3- + 10H+ + 10e- N2 + 2OH- + 4H2O (Hetrotrophs) ----(iii) 
               2NO2- + 6H+ + 6e- N2 + 2OH- + 2H2O (Hetrotrophs) -------(iv) 




The conventional nitrification and denitrification process face two significant difficulties, a) 
energy cost associated with aeration, b) supplementary organic carbon demand as most of the 
carbon is oxidised aerobically and converted to CO2. Nitrification uses oxygen and raises 
nitrogens oxidation state from -3 to +5. Furthermore, most of the carbon present in the 
wastewater is alsooxidised to CO2 quicker than nitrate formation. The heterotrophs require 
organic carbon as an electron donor to reduce nitrate to nitrogen that is, reduce nitrogen’s 
oxidation state back to zero from +5 as shown in Figure 1 (Daalkhaijav, 2012). Therefore, 
denitrification depends on additional organic carbon source dosing. Most recent research works 
concentrated on adjusting the conventional nitrogen removal process to counter energy and 
organic carbon requirements. Reviewing different biological nitrogen removal technologies by 
various researchers, some of them were identified as novel cost-effective nitrogen removal 
technologies. These technologies include partial nitrification and denitrification (PND), 
simultaneous nitrification and denitrification (SND), anaerobic ammonium oxidation 
(Anammox), aerobic deamonifiaction, passive aeration simultaneous nitrification and 
denitrification (PASND), and completely autotrophic nitrogen removal over nitrite (CANON) 
(Daalkhaijav, 2012).  
  




2. Novel Biological Nitrogen Removal Technologies 
The novel technologies are a way to overcome challenges and difficulties of conventional 
technology and are somewhat playing role in PASND, which is the focus technology at this 
work.  
Below are the drivers instrumental in the development of the novel technologies:  
1.  Intensive energy input in the process especially for pumping air to the reactors, which 
accounts for almost 56% of the total energy supplied to wastewater treatment plant 
(Thomas Phelan, 2014). 
2. Carbon oxidation is quicker than nitrate formation, which leads to insufficient carbon 
available for denitrification. So, external carbon source dosing is required, which 
increases cost input.   
3. Excessive sludge yield, adding to the running cost of the plant.  
4. Low nitrogen removal efficiency.  
5. Higher HRT (hydraulic retention time) leads to a larger footprint, and hence, incurs 
higher capital cost.  
 
2.1 Simultaneous Nitrification and Denitrification (SND) 
Simultaneous nitrification and denitrification mean that aerobic nitrification and anaerobic 
denitrification occur at the same time or quasi-same time. Physical separation of the two 
processes can occur by the DO (dissolved oxygen) concentration gradient in the floc or biofilm 
from inside to outside as illustrated in figure 2. An oxygen diffusion limitation results in the 
DO concentration gradient through the floc. The nitrifiers stay active in the aerobic region with 




DO < 0.5mg/l (Zhu et al., 2008). The biological mechanism is a bit more complicated than 
physical. It is based on a compromise, in which very low controlled dissolved oxygen levels 
enable nitrification while not suppressing denitrification. 
 
Figure 2: Oxygen concentration profile inside a  floc or biofilm showing oxygen diffusion limitation towards the 
center (Zhu et al., 2008)  
2.1.1 Advantages of SND  
SND has the edge over conventional processes because nitrification and denitrification take 
place in the same reactor. Hence, a separate anoxic denitrification tank is not required. 
Furthermore, this process can work with low C: N ratio, which saves the cost of supplying an 
extra carbon source for the wastewater treatment (Qian Feng 2011). 
2.1.2 Limitation of SND 
Three significant factors are dominating SND: DO concentration, carbon source and floc size. 
Low DO concentration inhibits nitrification, while high DO suppresses denitrification. 
Furthermore, high BOD concentration causes the hindrance to nitrifiers, whereas low BOD 
inhibits denitrification. Adding to this, some researchers assign floc size as a dominant factor 
in SND. Generally, in activated sludge floc size ranges from 80-100 µm, while SND more likely 
take place in floc size > 125µm to utilize the oxygen diffusion limitation (Zhu et al., 2008). 
However, it is not well documented and transparent if the smaller flocs of size 20µm contribute 





2.2 Partial Nitrification and Denitrification (PND) 
Partial nitrification and denitrification is often known as shortcut nitrification and 
denitrification. In this process, NO2- is the link between nitrification and denitrification instead 
of NO3- as illustrated in Figure 3. NO2- is reduced to nitrogen by heterotrophic bacteria using 
carbon (COD) as the electron donor (Jaramillo et al., 2018). The critical controlling factor in 
the process is to inhibit nitrite oxidising bacteria (NOB). NOB oxidise nitrite to nitrate resulting 
in completing nitrification. There are some parameters which support NOB inhibition: DO 
concentration, SRT, temperature, carbon concentration and aeration pattern (Sylwia Fudala-
Książek, 2014).  
In comparison to ammonium oxidising bacteria (AOB), nitrite-oxidizing bacteria (NOB) 
require a higher DO concentration. The DO half-saturation value for oxygen is 16µM for AOB 
and 62µM for NOB (Zhu et al., 2008). The half-saturation constant (Ks) is used to indicate the 
competition between AOB and NOB. AOB have higher affinity to oxygen so have lower Ks 
value and NOB have lower affinity to oxygen so have higher Ks value. So, low DO 
concentration (ranging from 0.03 to 0.05 mM) can limit the development of NOB. Furthermore, 




the DO concentration can be regulated by periodic aeration as aeration duration is inversely 
proportional to the extent of partial nitrification.  
The growth rate of NOB and AOB varies with temperature. The specific growth rate of AOB 
(1.4 per day) is higher than NOB (0.788 per day) at temperature ≥20oC. However, at 
Temperature ≤15oC NOB growth rate (0.642 per day) is higher than AOB (0.523 per day) (Zhu 
et al., 2008). So, lower temperature then 15oC is a constraint to the process.  
2.2.1 Advantages of PND 
As compared to conventional nitrification and denitrification via NO3-, partial nitrification has 
the following advantages: 
1. Inhibiting NOB saves 25% of the total oxygen required for oxidation of 1 mole 
of ammonia leading to energy saving in the process.  
2. Reduction of NO2- instead of NO3- to N2 requires 2e- less. Therefore, 40% less 
electron donor is required in the denitrification process.  
3. Denitrification rate is 1.5 to 2 times higher by reducing NO2- as compared to 
NO3- 
2.2.2 Limitation of PND 
Low DO concentration is an economically viable control parameter for PND. However, precise 
control and uniform oxygen transfer to the reactor is challenging practically. Furthermore, low 
DO levels may reduce COD biodegradation. In addition, depending on inflow and outflow of 
wastewater, sludge bulking can take place. Moreover, PND has a limitation of working in colder 
temperatures as it regulates the growth rate of AOB and NOB. The PND process has been 
successfully run with sequencing batch reactor and for higher (>50 mg/l) concentration of 





2.3 Anaerobic Ammonium Oxidation (Anammox) 
In the anaerobic ammonium oxidation process (Anammox), anaerobic anammox bacteria 
oxidise ammonium to nitrogen with nitrite as an electron acceptor, which is also converted to 
nitrogen gas. The bacteria use carbon dioxide (CO2) as a carbon source for growth and hence 
do not require external organic carbon dosing (Kartal, Kuenen, & van Loosdrecht, 2010). As 
illustrated in Figure 4, nitrite reducing enzyme (NR) catalysis the reduction of NO2- to 
hydroxylamine. Hydrazine hydrolase (HH) condenses hydroxylamine and ammonia to 
hydrazine. The hydrazine oxidising enzyme catalyses hydrazine to nitrogen gas.  The electrons 
generated from the reactions are transferred back to NR. Anammox process works in tandem 
with partial nitrification (Jetten et al., 2001) by two different bacteria’s ( AOB and anammox) 
and carries out the following reactions.  
                2NH4 + 3O2  2NO2 + 4H + 2H2O (Partial nitrification) --- (v) 
                         NH4 + NO2  N2 + 2H20 (Anammox) ------- (vi) 
 
Figure 4: Schematic of Anammox mechanism. NR is nitrite reducing enzyme. NH2OH is a product. HH is 





2.3.1 Anammox Advantages 
Compared to the traditional nitrification and denitrification process, Anammox has two 
significant advantages. First, there is no external carbon source required as anammox is carried 
out by autotrophic bacteria. Second, the sludge production is very limited due to the slow 
growth rate of anammox bacteria, which saves sludge handling cost.    
2.3.2 Limitation of Anammox  
Anammox bacteria have a slow growth rate (0.064 d-1) as compared to AOB growth rate (1.4 
d-1) (Munz, Lubello, & Oleszkiewicz, 2011). Therefore, AOB present in the partial nitrification 
effluent out-compete anammox bacteria. The slower growth rate requires longer solid retention 
times (improved sludge retention), and if there is cell loss due to some reason, it will take longer 
to re-stabilise the process as compared to the conventional process. Furthermore, the residual 
DO concentration from partial nitrification can inhibit anammox bacteria as the bacteria can be 





3. Aim of The Project 
With above-discussed technologies, PASND is another emerging novel technology showing 
great potential for nitrogen removal. A vital feature of the technology is that it is an energy 
efficient process. Moreover, in this process, there is no requirement of external carbon dosing. 
For the present study, PASND (detail in chapter 2) reactor was rigorously tested for the 
following different conditions.   
• Analyses of PASND process with standard synthetic wastewater (SWW).  
• Reactor performance with higher strength concentration of SWW. 
• Effect of low C:N ratio of SWW on the reactor performance  
• Study the effect of changing the carbon source from acetate to lactate on the process. 







Chapter 2 -Analyses of PASND Process With SWW 
2.1 Abstract 
PASND is comprised of biological and physical steps of removing nitrogen and carbon from 
the wastewater. The process was run as a sequencing batch reactor with sequential anaerobic 
and aerobic phases of operation. The key features of the process were PHA storage by GAO 
bacteria, ammonium zeolite adsorption, passive aeration of biofilm, and carrier material for 
supporting and maintaining higher MLSS level in the reactor. 
In the first phase (anaerobic) after influent filling, COD was stored intercellularly by bacteria 
and ammonium was adsorbed by the zeolite. After the first phase, the biofilm was exposed to 
the atmosphere for passive aeration. The SND takes place due to oxygen diffusion gradient in 
the biofilm, and zeolite was regenerated at the same time.  
From the results, it was evident that in the first 30 mins, there was maximum COD uptake by 
the microbes. The rate of uptake was 23 mM/h, which is 4 times higher than a conventional 
system. The nitrogen removal of 61 % was recorded after 5 cycles of operation.  
2.2 Introduction 
PASND is a novel biofilm wastewater treatment concept. It has three critical attributes 
contributing to the process: glycogen accumulating organisms (GAO) for storage based SND, 
zeolite for ammonium adsorption component, and passive aeration by exposing the biofilm 
directly to air. 
The PASND process involves aerobic and anaerobic phases in a batch reactor as shown in 
Figure 5. First the influent was pumped to fill the reactor and left for 120 mins without air. 
During the anaerobic phase the GAO biofilm store the COD as PHA and PHB in the bacterial 




absorbed by the zeolite via an ion exchange process. After the zeolite reaches its saturation 
point, the ion exchange process stops. The anaerobic phase length enables max COD uptake by 
GAO. The water is drained out of the reactor enabling biofilm exposure to the air directly. Due 
to the DO concentration gradient throughout biofilm, simultaneous nitrification and 
denitrification occurs releasing nitrogen and regenerating zeolite at the same time. The COD 
stored in the anaerobic phase was utilised as an electron donor for denitrification, and some of 
it was oxidised to release CO2.  
             Figure 5: Schematic showing PASND process integrating GAO biofilm, 
zeolite and passive aeration. Image edited to incorporate zeolite and 
nitrogen removal in the process (Raphael Marie-Guillaume Flavigny, 
2015). 
 
2.2.1 Glycogen Accumulating Organism (GAO) 
Soluble organic carbon can be oxidised directly via aerobic respiration, or it can be stored in 
GAO and phosphate accumulating organisms (PAO) under anaerobic condition. The carbon is 
stored in the cells as polyhydroxyalkanoates (PHA) and is oxidised as and when it encounters 
an electron acceptor (Lopez-Vazquez et al., 2009). The subsequent dynamic feast / famine 
(anaerobic / aerobic) regimes lead to the enrichment of GAO bacteria. The PAO’s, on the other 
hand, compete with GAO. However, as the PAO’s take up phosphate aerobically and water 
containing phosphate is drained just before aerobic phase, the GAO prevails as compared to 
PAO. In wastewater treatment, this principle was used in storage driven denitrification. The 




the wastewater. Under famine regime, PHA is oxidised for glycogen replenishment, cell 
maintenance and biomass growth (Md Iqbal Hossain, 2017). Due to the storage of most of the 
carbon as PHA the sludge production is low (0.05 g/ g of BOD, (Md Iqbal Hossain, 2018). 
2.2.2 Zeolite  
Zeolite adsorbes ammonium in the first phase of the process. The ammonium adsorbed by the 
zeolite reaches dynamic equilibrium with dissolved ammonium present in the solution. By 
microbial oxidation of the dissolved fraction of ammonia in the second phase, equilibrium 
drives continued desorption of ammonia from zeolite and hence its regeneration can be 
achieved. However, because of the above (section 1.2) explained acid accumulation, the plain 
zeolite regeneration by bacteria is difficult or impossible such that the process is not used in 
industry. By considering the possibility of SND acid build-up from ammonia oxidation would 
be avoided due to the acid consuming denitrification reaction (equation iii, section 1.2). Hence 
a biofilm that carries out SND could be able to regenerate zeolite effectively. However, a cation 
must be present to substitute or the pH will rise. 
 
2.2.3 Biofilm Passive Aeration. 
Biofilms can be stated as a group of microorganisms that stick to each other and to a surface. 
For oxygen, microorganisms rely on the dissolved oxygen in the water. In PASND the aeration 
is achieved by exposing biofilm directly to the air. While exposed to the air microorganism 
have access to the atmospheric oxygen. Whereas in conventional activated sludge process 
oxygen is transferred into the biofilm in five steps. 1. air pumping into the reactor, 2. air 
transport from bulk gas to bulk liquid phase, 3.  air transport within the liquid phase, 4. air 
transfer from liquid to solid phase, 5. oxygen transfer within the biofilm. Furthermore, oxygen 




maintain desired DO level in the system. Therefore, air pumping becomes an energy-intensive 
process. However, direct exposure of biofilm to air (passive aeration) is more energy efficient 
as it does not require aggressive aeration in bulk liquid and hence a dedicated air blower is not 
required. 
This study aimed to reproduce the previous author (Md Hossain) findings as well as results and 
investigate the reactor performance with normal synthetic wastewater (SWW) having 
concentrations similar to the municipal wastewater.    
2.3 Material and Methods 
Synthetic wastewater- Synthetic wastewater was prepared in the lab with following constituents 
(mg/l)-  CH3COONa 660, NH4Cl 160, KH2PO4 44, NaHCO3 125, MgSO4.7H2O 25, FeSO4. 
7H2O 6.25, CaCl2.2H2O 300, Yeast extract 50 and 1.25 of trace element solution, which 
contained (g L-1): EDTA 15, ZnSO4. 5H2O 0.43, CoCl2.6H2O 0.24, MnCl2.4H2O .99, 
CuSO4.5H2O 0.25, NaMoO4.2H2O 0.22, NiCl2.6H2O 0.19, NaSeO4.10H2O 0.21, H3BO4 0.014 
and NaWO4.2H2O 0.050 (Md Iqbal, 2017).  
Method  
The sequencing batch reactor of 4 cm diameter and 23 cm height with a working volume of 
0.255 L and equipped with dissolved oxygen (DO), pH, and oxidation-reduction potential 
(ORP) probes, was used for the experiment. The reactor was automated with pumps, solenoid 
NC valves and the phase length controlled by Lab view software. The reactor was filled with 
packing material (AMB Biomedia) with a surface area for biofilm growth and support of 500 
m2/ m3 . These carrier materials have a cylindrical shape with 7mm height and 11 mm diameter. 
The empty carrier material occupies 20% (Vcarrier/ Vreactor) of the reactor volume. Figure 6 shows 
the schematic of the PASND bioreactor laboratory setup. The biofilm was previously developed 




for fill phase, the bioreactor was filled with synthetic wastewater via peristaltic pump for 2 
mins.Then, for reaction phase reactor was maintained under anaerobic conditions for 120 mins 
and water was recirculated with the help of recirculation pump (Figure 6). Following by 
gravitational decanting, the biofilm was exposed to open air for 180 mins.  Samples of treated  
Figure 6: Schematic of laboratory reactor setup. 
water were collected during the decant phase for analysis. The DO and pH readings were 
automatically recorded in the controller.  
2.4 Analysis  
Samples drawn from the reactor were analysed for ammonium, nitrate, nitrite and COD 
















by analysing the different concentrations of standard solutions for each parameter. The main 
apparatus used in the chemical analysis was a UV spectrometer. An equation was generated for 
each parameter, and the same was used to evaluate the samples (Figure 7). 
2.5 Results and Discussion 
The reactor was fed with SWW having COD of 16 mM and NH4+-N of 3 mM concentration. 
Figure 8 shows the COD (acetate) uptake during the anaerobic phase of the process. The 
maximum COD removal of 96% was recorded. The acetate uptake was rapid in first 30 mins of 
the anaerobic phase. The uptake rate of 23 mM/h was estimated for this duration. The present  
Figure 8: COD (acetate) uptake with respect to time of anaerobic phase. 
findings are similar to those previously reported (24mM/h) in the literature (Md Iqbal Hossain, 
2017) and better than 10 mM/h, as stated by (Raphael Marie-Guillaume Flavigny, 2015).  After 
the first 30 mins, the COD uptake was gradual with the rate of 3 mM/h throughout the remaining 
90 mins of the first phase.  
Acetate is a readily biodegradable compound, and moreover, it is the building block of PHA, 
the intercellular storage material. Therefore, the acetate uptake was very easy and rapid for the 
microbes, which was evident from the results shown in Figure 8.  
Figure 9 illustrates the nitrogen removal after different cycles of operation. The maximum 
















thesis  (Md Iqbal, 2017). The nitrogen removal rate gradually increased after every cycle. The 
maximum removal rate was achieved after 5th cycle (Figure 9). Hence, the microbe’s 
adaptability enhances after every cycle, and as a result, nitrogen removal efficiency increased 
from cycle 1 to 5.  
 
Figure 9: % Nitrogen removal after each cycle of SBR 
 
2.6 Conclusion 
Based on the present chapter, the following conclusions can be drawn: 
 The chapter results could reproduce findings reported in the literature.  
 The process was effective in removing carbon and nitrogen from the wastewater. 
 GAO biofilm store almost all the carbon available. The stored PHA enabled the 
denitrification process.  
 Biofilm direct oxygen uptake from atmosphere enabled nitrification, and the passive 




























Chapter 3-Reactor Performance with Higher Strength 
Concentration of SWW. 
3.1 Abstract 
Sometimes wastewater treatment plants are subjected to a higher concentration of wastewater 
as compared to the daily average inflow because of variable inflows and industrial effluent. The 
COD and nitrogen removal efficiency can drop quite significantly due to shock loading or toxic 
compounds in the influent as a result of the partial loss of microbial activities. The higher 
strength loading can be short-term or long-term (days, weeks).  
Usually, high strength wastewater is treated by anaerobic digestion for energy recovery. 
However, these proceses (USAB, EGSB etc.) are susceptible to failure and require a substantial 
capital cost. To overcome the limitations, integrated systems with the anaerobic and aerobic 
process are in use. PASND, an integration of anaerobic and aerobic system was tested for short-
term shock loading events with high strength influent. The reactor was tested with 1 times, 2 
times and 4 times concentration of synthetic wastewater.  
The process was run with sequential nonoxidative and oxidative cycles. The BOD storage or 
removal via PHA storage was 84% for 4 times concentration, and the nitrogen removal was 
40%. There is a possibility of optimisation of the process by using double pass system which 
can result in 60% nitrogen removal for 4 times concentration influent. Overall, the technology 
can be an option for treating higher strength concentrations influent.  
3.2 Introduction  
Traditionally dilute wastewater streams such as domestic wastewater with COD of 522 mg/l, 
and nitrogen of 40mg/l (Muserere, Hoko, & Nhapi, 2014)  is treated aerobically to enable a 




distilleries, meat processing industry and so forth, aerobic treatment is prohibitively expensive 
in terms of oxygen supply, as the aeration process consumes 56% of total energy supply to 
wastewater treatment plant (Thomas Phelan, 2014). For such cases anaerobic treatments are 
generally used, potentially in combination with subsequent aerobic steps. For instance, 
anaerobic/aerobic lagoons are used for piggery effluent, while anaerobic digestion and aerobic 
activated sludge treatment is used for brewery high strength wastewater (Adesoji T. Jaiyeola, 
2016).  
The anaerobic process can substantially decrease the carbon in wastewater, which is then fed 
to aerobic treatment. However, some readily biodegradable carbon is essential for the biological 
nitrogen removal process. Therefore, the level of anaerobic pretreatment is crucial for nitrogen 
removal in the next stage.   
The fixed biofilm process has shown significant potential in treating higher strength wastewater 
with biomass retaining capabilities in the reactor. However, the performance of the system 
drops quite significantly due to shock loading or toxic compounds in the influent as a result of 
the partial loss of microbial activities (Sehar, 2016). 
The concentration of the wastewater often changes because of variable inflow and industrial 
effluent. The shock loading occurs in two ways, short-term lasting for some hours and long-
term lasting for days or weeks. During short-term shock loading, the magnitude of the effect on 
the wastewater treatment plant will depend on the duration of loading as well as the adaptability 
of microorganisms. The longer-term shock loading leads to a new steady state similar to 
previous regarding total carbon or nitrogen removal. The time to achieve the new steady state 
is proportional to the concentration of biomass (biofilm). That is, the higher the biomass in the 




PASND, a fixed film process, makes use of passive aeration, cutting back aeration costs by 
56% (Md Iqbal Hossain, 2018) as compared to activated sludge, because there is no air pump 
required for the process.  Hence, it could hold some promise for the treatment of concentrated 
wastewaters without accruing unfeasible aeration costs and while still allowing some N 
removal.   
For the present study, in order to test the capability of PASND technology, the reactor was 
subjected to the influent with 1times, double and 4 times the strength of SWW. The primary 
objective of the study was to mimic a real-world condition of high strength wastewater and 
check the performance of the reactor for COD and nitrogen removal.  
3.3 Material and Method 
Synthetic Wastewater:  
In this experiment, synthetic wastewater was used to have maximum control over the influent 
constituent’s concentration. Furthermore, it enables reproducibility so that the system can be 
tested with respect to the same datum repeatedly as required. The constituents of the influent 
are the same as stated in the previous chapter (Chapter 2).  
For preparing influent, 25 times concentrated stock solution of the constituents was prepared. 
The same was diluted with DI water according to the concentration of the influent required. For 
instance, to prepare 1000 ml of feed, 40 ml of concentrated solution was added to 960 ml of DI. 
This baseline feed contains 16mM of BOD and 3mM of NH4+-N. Similarly, 80 ml of 
concentrated solution was added to 920 ml of DI to get a double concentration of influent which 
contains 32 mM of BOD and 6mM of NH4+-N. Furthermore, for preparing a 4 times feed 160 
ml of concentrate was added to 840 ml of DI resulting in 64mM of BOD and 12 mM of NH4+-




3.4 Results and Discussion 
Initially, the bioreactor was fed with a single concentration baseline influent. Results show the 
COD reduction of 93 % and N removal of 68 % (Figure 10).  The concentration of the influent 
was then doubled, resulting in slightly lower N and C removal efficiences. After doubling of 
concentration to 4 times the normal concentration, while keeping the overall treatment time 
same, resulted in significantly lower N removal of 40%. However, the COD removal from 
double to 4 times concentration only reduced from 90% to 84%.  
 
Figure 10: Percent removal of NH4+-N and COD for 1 Times (Normal), 2 times and 4 times 
In the anaerobic phase, most of the COD was stored as PHA. Although the per cent carbon 
removal diminished with increase in concentration, the absolute COD mass uptake increased as 
the substrate increased (Figure 11). The observation of an increase in storage with an increase 






















Figure 11: Absolute nitrogen and carbon removal with different concentrations 
The per cent nitrogen removal also decreased with the increase in the concentration of the 
influent. However, the absolute nitrogen mass removal increased as the concentration of the 
influent increased (Figure 11). The ammonium adsorption via zeolite is based on the 
concertation of ammonium present in the influent, amount of zeolite present and selectivity 
coefficient ‘K’ (Malekian et al., 2011). As the zeolite was subjected to more ammonium keeping 
the amount of zeolite same in the reactor, more adsorption took place which was evident from 
the results (Figure 11).   
For regeneration of zeolite, efficient denitrification is very important. Adequate oxygen 
exposure of biofilm is required to oxidise ammonium before reducing it to nitrogen gas and 
regenerating the zeolite at the same time. For the baseline standard concentration aerobic phase 
was of 180 mins. So, for 4 times concentrated influent, 4 times more oxygen is required.  
However, the aerobic phase duration was kept constant for all the concentrations. Hence, as 
evident from the results, the nitrogen removal decreased with the increase in concentration. In 
order to achieve higher N removal then 70% (max achieved in one reactor), the most effective 
way of optimising the process is by repeating the process by adding another reactor in series 





Figure 12: Comparison of (OUR) oxygen uptake rate with respect to different concentrations of influent 
 
The oxygen uptake rate (slope of the curve) was analysed from the recorded data in the system. 
The oxygen uptake was faster by the microbes which have more intercellular PHA storage.   
Figure 12 illustrates the oxidation uptake rate by microbes at different concentrations of 
influent. The higher oxygen uptake by microbes having higher storage is in line with the 
findings of (Third.at.al 2003). The curve represents oxygen uptake by 4 times > 2 times > 1 
times. Overall due to lack of oxygen supply, there was no significant variation between the 
oxygen uptake trends of three concentrations. So, the microbial activities were pretty much 
similar for all the concentrations during aerobic phase. However, repeated exposure of high 



























The present study indicates that the PASND technology with zeolite and GAO bacteria storage 
capabilities have potential to treat high strength wastewater. It was evident from the study that 
the COD uptake by the GAO bacteria increases with the increase in the substrate. Furthermore, 
the zeolite ammonium adsorption is dependent on the concentration of adsorbent and adsorbate. 
Therefore, the concentration of ammonium present in the solution is one of the driving forces 
for ammonium adsorption.  
The 4 times concentrated influent requires 4 times more oxygen. In activated sludge, the 
aeration for 4 times excess oxygen incurs a significantly high cost. The PASND process, 
however, can be optimised for better N removal by adding a bioreactor in series and double 
passing the effluent. The nitrogen removal efficiency can be enhanced to almost 70% without 





Chapter 4-Effect of Low C: N Ratio of SWW on Reactor 
Performance 
4.1 Abstract 
Shortage of carbon (low C:N ratio) is known to lead to incomplete denitrification. The external 
carbon dosing for denitrification in the conventional system incurs extra operation cost. For the 
present study, the PASND bioreactor behaviour was tested by lowering C:N ratio from 
4.6:1(typical wastewater level) to 3:1 and 2:1. As expected nitrogen removal was adversely 
affected by the lower C: N ratio. The NH4+-N removal decreased from 60% to 43% with the 
decrease in carbon concentration from 4.6:1 to 2:1. Theoretical consideration suggests that 5:1 
is the minimum required ratio to carry out denitrification. So, the process was COD limited 
especially for ratios 2:1 and 3:1.  
 
4.2 Introduction  
Nutrients (phosphorus, nitrogen) release from inadequately treated wastewater leads to 
eutrophication, which ultimately results in ecological imbalance. Further, health effects for 
example by nitrate in potable water are known and, may lead to the blue baby syndrome in 
infants, liver failure and so forth (Shihai Deng, 2015). 
Conventionally the activated sludge process is used for municipal wastewater treatment. 
However, this process often leaves residual nitrogen (50%) and phosphorus in the effluent 
(Nourmohammadi, Esmaeeli, Akbarian, & Ghasemian, 2013). Phosphorus can be easily 
removed by precipitation, whereas, the nitrogen removal is difficult and would require a post-
treatment like denitrification. However, the effluent from conventional treatment usually has 




(90%) to CO2 (Nourmohammadi et al., 2013). Hence, the traditional methods of post-treatment 
denitrification require external carbon dosing such as methanol, sucrose and so forth 
(Yamashita & Yamamoto-Ikemoto, 2014). The regular carbon dosing will incur the capital cost, 
regular dosing of the carbon may result in the heterotrophic growth domination resulting into 
nitrifiers depletion which leads to process imbalance. So, the C: N ratio is a critical factor in the 
nitrogen removal process (Arifur Rahman, 2014).  
Some advancements were made with time to overcome the limitations of conventional systems 
such as the novel proceses described in Chapter 1 & 2, like SND, PND, Anammox and 
CANON. The basic idea for developing these technologies was to increase the nitrogen removal 
efficiency and decrease operation cost related to energy consumption and external carbon 
source. So, with the novel technologies, a separate denitrification tank is not required. For 
example, shortcut denitrification via nitrite (refer Figure 3, Chapter 1) reduces oxygen demand 
by 25%  and reduces carbon (BOD) demand for denitrification by 40% (Shihai Deng, 2015).  
PASND, a similar novel technology integrates SND and non-oxidative storage of carbon to 
improve denitrification. Carbon necessary for denitrification is stored as PHA intercellularly in 
anaerobic conditions. In the aerobic phase, SND takes place due to the oxidation diffusion 
gradient through biofilm. The stored BOD preserves, via slowing down its degradation speed, 
the reducing power and hence improves denitrification to nitrogen.  
The current section tests the effect of lowering the C:N ratio on carbon and nitrogen removal 
efficiency of the PASND bioreactor. Furthermore, it aims at comparing the results with the 





4.3 Material /Method 
Synthetic wastewater was prepared with the constituents described in Chapter 2. The default 
wastewater has C:N ratio of 4.6:1 with BOD of 16mM. Further, 3:1 wastewater was prepared 
by keeping NH4+- N constant and reducing sodium acetate from 8 mM to 5.23 mM (429 mg/l). 
The COD of the 3:1 influent was 10 mM. Similarly, 2:1 concentration wastewater was prepared 
by reducing acetate concentration to 3.5mM (192.6 mg/l) and keeping nitrogen concentration 
constant at 3 mM (160 mg/l ). The COD for 2:1 was 7 mM.  
The sequence of 120 mins of anaerobic and 180 mins of aerobic phases was run for 4 to 5 cycles 
with each concentration. The influent and effluent samples of each cycle were collected and 
analysed for NH4+-N  and COD removal. The readings from oxygen and pH probes were 
recorded directly to the controller. Following are the results based on the analysed data. 
 
4.4 Results and Discussion 
The previously described PASND sequencing batch reactor was operated first with a standard 
carbon ratio of 4.6:1 wastewater. The NH4+-N removed was 60% (Figure 13), and COD removal 
was 90% (14.4mM) (Figure 14), which is very similar to the findings of Md Iqbal Hossain (Md 
Iqbal, 2017). The reactor was then subjected to a lower C: N ratio of 3:1. The nitrogen removal 
dropped to 46%, whereas COD removal was almost 98% (9.8 mM). For the wastewater with 
the lowest carbon to nitrogen ratio 2:1, nitrogen removal was 43%, and COD removal 99% (6.3 
mM). So, with the decrease in carbon concentration the nitrogen removal dropped whereas, 





                            Figure 13: Effect of C: N ratio on Nitrogen removal  
 
For theoretically estimating the minimum C:N ratio required for denitrification, some 
calculations were made based on a few assumptions. As per the calculations, 5 moles of COD 
is required to reduce 1 mole of nitrate to nitrogen (5:1) (For assumptions and detailed 
calculation refer to Appendix 1).  The normal concentration of wastewater (4.6:1) is very close 
to the theoretical value and, provided highest nitrogen removal. As nitrogen removal decreased, 
the carbon concentration decreased. 
 






































In the PASND system described the ammonium removal from the wastewater is due to 
absorption onto zeolite. A diminished ammonium absorption suggests that in the previous 
aerobic phase the aerobic removal of ammonium from the zeolite by nitrifying bacteria and 
hence zeolite regeneration was inadequate. The regeneration cannot readily be explained by 
insufficient COD supply. In principle, insufficient COD supply will limit only denitrification 
but not nitrification, the process that regenerates zeolite.  
The likely mechanism by which incomplete denitrification can affect the nitrification process 
is by proton accumulation. Nitrification is known to result in acidification (equation (i) Chapter 
1), showing the stoichiometric relationship and H+ production), which is known to strongly 
inhibit the nitrifying bacteria and hence prevents zeolite regeneration. Furthermore, the protons 
will compete with NH4+ ions for the ion exchange sites. So, ammonium adsorption will 
decrease. On the other hand, denitrification consumes protons (equation (iii) Chapter1). The 
combination of the two reactions to SND is virtually pH neutral. Hence denitrification and COD 
availability as PHA is necessary for effective zeolite regeneration.   
4.5 Conclusion 
The PASND sequencing biofilm technology is a complex biological process integrating 
attributes like  COD storage, zeolite ammonium adsorption, biological regeneration of zeolite, 
SND and passive aeration. All of these elements work in tandem depending on each other. 
Following are the key concluding points: 
1. With the lowering in COD concentration (lower C:N ratio) in the influent the nitrogen 
removal decreased, whereas residual COD removal efficiency gradually increased in the 
effluent. So, the optimal ratio of C:N is a vital factor. 




3. Zeolite regeneration was limited by pH decrease from proton release by nitrification, and the 





Chapter 5-Study the Effect of Changing the Carbon Source 
from Acetate to Lactate on The Process. 
5.1 Abstract 
Carbon supplementation is a widespread practice for optimising the denitrification efficiency 
in wastewater treatment plant. There are different carbon sources available such as acetate, 
lactate, glucose and starch. However, the organic acids produced from the organic waste from 
other processes are preferred to reduce operation cost.  
In the present study, the behaviour of PASND bioreactor was investigated for the effect of two 
different carbon sources, acetate and lactate. First sodium acetate and then sodium lactate 
substrate influent were run through the reactor, and it was established that the acetate uptake 
rate of 23 mmol/L/h is higher than lactate 10 mmol/L/h. Hence, lower nonoxidative storage of 
lactate’s provides less reducing power in the next phase of sequence for denitrification.     
 
5.2 Introduction  
In biological nitrogen removal, denitrification is typically restricted by the availability of 
organic carbon, resulting in high residual nitrate in the effluent. To improve the nitrogen 
removal efficiency, methods like optimisation of the operation control, exploiting new novel 
technologies, and adding carbon source are often adopted (Tang et al., 2018).  
A variety of supplement carbon sources can be considered such as acetate, glucose, sugar cane 
processing waste, lactate etc. However, there is a significant cost factor involved in using these 
chemicals. To overcome the cost limitation, the organic wastes from industry, agriculture and 
food processing are supplied to promote denitrification (Yang et al., 2011). Furthermore, 




carbon source (Zhang et al., 2013). The fermentation process hydrolyses insoluble organic 
matter and then acidifies it to organic acids, which enables microbial uptake (Yang et al., 2011; 
Zhang et al., 2013).  
Anaerobic fermentation is a useful method of resource recovery from solid waste, and most 
importantly, it produces intermediate products like volatile fatty acids (VFA’s), lactic acid and 
alcohols. These intermediate products can be easily used as external carbon sources for 
enhancing denitrification (Tang et al., 2018). Previous research of the process of PASND has 
exclusively used acetate as the sole carbon source. Acetate is a direct precursor of PHA 
formation by GAO, hence, other more complex organic substances need to be tested. 
The primary focus of the present chapter is to analyse the effect of replacing the most commonly 
used carbon source sodium acetate (C2H3NaO2) with sodium lactate (C3H5NaO3 ), a more 
complex organic compound to verify PHA storage. Further, it investigates the effect of the new 
carbon source on nitrogen removal efficiency.    
 
5.3 Material/ Methods 
For the experiment, two types of synthetic wastewater (SWW) were prepared; SWW with 
sodium acetate and SWW with sodium lactate. The concentration of the two compounds was 
adjusted to maintain the influent COD to 16mM. All other ingredients of SWW were the same 
as the ingredients stated in Chapter 2.   
The fixed film PASND bioreactor was first subjected to the SWW with acetate as carbon source, 
followed by lactate. Each influent was run for 4 to 5 cycles to enhance the adaptability of 
microbes. Each cycle has 120 min anaerobic phase and 180min aerobic phase. Periodic samples 




5.4 Results and Discussion 
The previously described PASND biofilm reactor was fed with acetate first to provide a 
controll. About 96% (Figure15) of the COD was removed, which is very similar to previously 
reported results  (Md Iqbal, 2017). In the test trial with lactate, COD removal was only 84% 
(Figure 15). This means, with lactate 4 times more residual COD remains in the effluent as 
compared to acetate.  
Aside from final removal efficiency also the maximum rate of COD uptake was compared for 
acetate and lactate (Figure 16). The results observed were similar to the observations of (Md 
Hossain 2017), in first 30 mins of operation acetate was stored (as PHA) with a fast rate of 23 
mmol/L/h, while lactate uptake was about 2 times slower (10 mmol/L/h). 
The quick uptake of acetate proves that it is a readily biodegradable carbon source and can 
provide rapid energy to the bacteria.  A similar finding for an activated sludge sequencing batch 
reactor was cited in the literature (Tang et al., 2018). Furthermore, acetate being the building 














COD IN COD OUT
Figure 15: Comparison of COD uptake during the anaerobic phase (2 hours) of the PASND 




lactate is more complex and follows a longer path to degrade, as it is first broken down  in 
anoxic conditions to acetate and then taken up by bacteria (Stefanie Oude Elferink, 2000). 
                                                    
Effective operation of wastewater treatment processes is not just judged by COD removal. N 
removal is equally essential. PASND is a storage- driven denitrification process, so, increase in 
COD storage (PHA) increases the reduction power which is needed for effective N removal. 
Figure 17 illustrates the nitrogen removal efficiency of the system for the two different carbon 
sources. The nitrogen removal with acetate as substrate was 61% as compared to lactate of 46 
%. When replacing acetate by lactate, the nitrogen removal of the system dropped. The 
denitrification efficiency with acetate as a substrate was about 15% better because of its higher 






















Lactate can be an alternative to acetate as a carbon source for storage-driven 
denitrification, but it is somewhat inferior to acetate as a carbon source as it is less 
readily biodegradable and less easy to store as PHA. However, the operation cost of the 
treatment plant can be reduced by using lactate as carbon source because it is sourced 
by the fermentation of organic solid waste from dairy or food industry. Furthermore, 
there is an opportunity for resource recovery from solid waste as well. 
 

















NH4-N IN NH4-N OUT
Figure 17 Comparison of nitrogen removal efficiency of the system with lactate and acetate as




Chapter 6- Ammonium Adsorption Capability of Zeolite in 
Mobilised or in Immobilised Form. 
6.1 Abstract 
Zeolites are aluminium silicate minerals originated from the volcanic rocks. It is available in 
natural as well as synthetic form. Clinoptilolite is the most common zeolite available in 
Australia. As other natural soils, zeolite has a cation exchange capacity. The ability to adsorb 
specific cations preferentially makes it unique. Zeolite has a higher affinity to ammonium ions 
as compared to other ions present in the domestic wastewater.  
The present study was focused on the comparison between the immobilised and mobilised 
zeolite ammonium adsorption capacity. The investigation concluded that the mobilised zeolite 
has a better adsorption capacity of 0.065 mg ammonium/ g of zeolite/ min as compared to the 
immobilised zeolite with 0.013 mg ammonium/ g of zeolite/min.  
6.2 Introduction  
Zeolites are aluminum silicate minerals with a group of crystalline microporous, and it is 
chemically neutral.  It is primarily formed in as a honeycomb structure. Naturally, it is 
originated from volcanic rocks whereas a synthetic version of zeolite is also available in the 
market. There are 45 types of natural and 150 types of synthetic zeolites available. However, 
clinoptilolite is one of the most common, 
purest and cheapest types of zeolite (Abdel-
Rahim, 2017). 
The feature of zeolite is its crystal structure 
(Figure. 18). Zeolite is mainly composed of 
three-dimensional structure bearing 





aluminium oxide (AL2O4) and silicon oxide (SiO4) framework. In this framework isomorphous 
replacement takes place, tetravalent cation silicon is replaced by low charge cation aluminium 
(Townsend & Coker, 2001). As a consequence of this, a net negative charge arises on the 
framework. The cations present in the medium balance the negative charge.  
Zeolite is like a sponge with microporosity of varied sizes which help in adsorption. The size 
of the holes depends on the chemical composition of the minerals. The ability to adsorb specific 
compounds preferentially (Cs+> K+ > NH4+ > H+> Na+> Ca2+> Fe3+> Al3+> Mg2+) makes zeolite 
special (Townsend & Coker, 
2001).  
For ammonium removal 
from aqueous solution, both 
physical adsorption and ion 
exchange plays a role. The 
physical adsorption is due to 
the weak van der Waals 
forces (dispersive forces), electrostatic forces and capillary forces (Li, Lin, Wang, Zhao, & Hou, 
2010), whereas, ion exchange process highly relies on the selectivity coefficient (Wen, Ho, Xie, 
& Tang, 2006). The clinoptilolite (zeolite) has a high affinity for NH  , as compared to other 
cations present in the municipal sewage, except K+. Ammonium removal by clinoptilolite 
depends on the following: 
 The adsorption capacity of the zeolite. 
 Ammonium concentration in aqueous solution.  
 Competing cations present. 
 Regeneration efficiency of exhausted zeolite. 
Figure 19 A) Fresh zeolite with sodium and magnesium as pre-saturants. B) 




Zeolite has the capability of removing ammonium from the aqueous solution (Figure 19). The 
present chapter evaluates whether zeolite will be still effective ammonium adsorption behavior 
after being immobilized by gluing to the biomass carrier.  
6.3 Material/ Method 
The following material was used for the lab experiment: natural zeolite (75 microns), plastic 
carrier material, glue (Cyberbond 9050, insoluble in water, chemical resistant and no chemical 
reactions after drying), mixer, DI water, weight balance, 40 ml vials, NaCl and NH4Cl.  
Method- The zeolite was first glued to the carrier material. Ten pieces of glued carrier material 
were selected and weighed. Further, ten pieces of the carrier material without zeolite were 
weighed. The weight of the carrier material without zeolite was detected from the weight of the 
carrier material glued to zeolite so that actual weight of the zeolite attached to the carrier 
material can be calculated. A similar amount of free zeolite by weight was taken as the zeolite 
glued to the carrier material for the experiment.  
An aqueous solution of NaCl was prepared with the concentration of 10 g/l to. Further, 0.16 g/l 
(3mM) solution of NH4Cl was prepared. The presaturated zeolite was added into 40 ml vial 
with NH4Cl solution. Both the vials were placed on the mixer as shown in Figure20 and 
thoroughly mixed. A small volume of samples from the vials were drawn and analysed.    




6.4 Results and Discussion 
The results are based on the assumptions stated in Appendix 2. Periodical samples were 
analysed for ammonium removal. For suspended zeolite, the max adsorption took place in the 
first 5 mins with adsorption capacity of 0.065 mg of NH4+/ gram of zeolite/ min. Whereas, the 
immobilised zeolite has the adsorption capacity of 0.013 mg of NH4+ / g of zeolite/ min (Figure 
21). It was found that adsorption capacity increased with contact time. However, after an hour 
the adsorption rate was slowly reduced, and a state of equilibrium was reached. The equation 
(v) shows the equilibrium between  NH  adsorbed and free NH  , which is also explained by 
Langmuir isotherm, stating dynamic equilibrium exists between the molecules adsorbed and 
free. The adsorption trends in the present study were similar to the trends stated in the literature 
by (Md Iqbal, 2017). 
NH4++ NaZ <--> Na++ NH Z ….(v) 
Z-Zeolite 





































The maximum ammonium removal from suspended zeolite was 64%, and 50% from the 
attached zeolite in 180 mins (Figure 22). The ammonium adsorption for suspended zeolite was 
rapid and better then immobilised zeolite. As per Langmuir isotherm assumptions, there are a 
fixed number of vacant or adsorption sites available on the solid surface. Furthermore, the 
Langmuir model states that the rate of adsorption is proportional to the number of total sites. 
The suspended zeolite has almost 100% physical contact with ammonium chloride solution and 
almost all the sites were available for adsorption. Whereas, the effective physical contact of the 
immobilised zeolite was less than the free zeolite due to glue. Hence, in other words, the glued 
zeolite total number of sites available were less. Therefore, the adsorption capacity of the 




























                          
6.5 Conclusion 
The objective of the present study was on the feasibility of incorporating zeolite in wastewater 
treatment plant. From the results and the findings, it was established that the mobilised zeolite 
has more adsorption capacity and ammonium removal rate than immobilised zeolite. 
Furthermore, the cost of glueing will incur extra operation cost as compared to the free zeolite. 
However, the suspended zeolite can cause blockage problems, and it will be difficult to be 
retained inside the reactor. Topping up to compensate the lost zeolite will lead to additional 
operation cost as well. Moreover, the escaping zeolite will enhance the total suspended solids 
count in the effluent.  
It can be concluded that the study needs further research work to explore other options to 
integrate zeolite physically in the bioreactor. For instance, casting zeolite as a carrier material 




Chapter 7- Conclusion and Future Work 
7.1 Conclusion- 
PASND is one of the novel technology developed in the recent past. Overall, the PASND 
system includes of biological and physical steps to remove COD and nitrogen from wastewater. 
The features of the technology are passive aeration, PHA storage by GAO bacteria, carrier 
material, and zeolite. By incorporating these features in a laboratory setup, the process was 
tested, and it was established that the system was energy efficient and can save a significant 
amount of energy  by passively aerating the biofilm compared to conventional activated sludge 
process.  
The results have shown that there was efficient COD uptake of up to 96% by GAO bacteria 
anaerobically, which not only enables effective COD removal but also increases the reducing 
power of the system for denitrification without any external carbon dosage.  
The nitrogen removal from the system was reasonably good (63%). However, the process may 
be optimised by double passing the effluent through an additional reactor in series for nitrogen 
removal of up to 80-85 %.  
It was evident from the results of the current study that the process may be adapted, with some 
minor optimisation, to more challenging to treat wastewaters such as concentrated waste-
streams or wastewater of a low C:N ratio. Furthermore, it can handle a complex carbon source 
like lactate.  
Both the suspended and immobilized zeolite were tested for ammonium adsorption, and it was 
evident from the results that the adsorption capacity was compromised by gluing the zeolite. 





Overall, the PASND can be considered as a viable option for removing carbon and nitrogen 
from wastewater sustainably. It is capable of treating high strength wastewater, low carbon 
loaded wastewater and more complex carbon source than acetate.    
7.2 Future Work –  
In practically investigating the performance of PASND, many advantages of the process was 
revealed. However, there are few pending questions which could have been addressed if there 
were no time constraints.  
 The technology was tested in the controlled lab conditions. There is no evidence of pilot-
scale implementation under more real world conditions. 
 Unique GAO bacteria seeding or growing will be a challenge under uncontrolled 
conditions of the real world as compared to the lab.  
 Effect of suspended solids, which is a primary parameter of an influent is not clear.  
 It is difficult to fine-tune, and record DO concentration in the reactor, which is a crucial 
control factor in the process. 
 While the performance of suspended zeolite inside the biofilm is well studied, the effect 
immobilising zeolite on the carrier on its biological regeneration capability is unknown. 
 While the adsorption behavior of immobilised zeolite was successfully  evaluated in this 
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9. Appendix  
1. Theoretical Calculation of C: N Ratio (Chapter 4). 
Assumptions 
1. Assuming that 50% of COD is assimilated by the microorganisms. 
2. Under aerobic conditions, an equal amount of oxygen is used for ammonium oxidation and 
stored COD (PHA) oxidation. 
3. The remainder COD is available for denitrification. 
4. There is no residual nitrate/nitrite from the previous cycle in the reactor. 
Equation- 
NO3- + 5H+ + 5e- 0.5N2 + OH- + 2H2O ---- (1) 
1 mole of NH3-N will result into 1 mole of NO3- -N via nitrification. To reduce nitrate to 
nitrogen 5e- are required as per stichometry(1). 
Further, 1 mole of BOD donates 4e-, So, each mol of NH3-N requires 1.25 mol of COD. So, 
the minimum BOD/ N ratio of 1.25 is needed.  
Considering 50% COD assimilated and not available for denitrification, the COD/N ratio will 
be 2.5:1. However, considering that under aerobic conditions the same amount of oxygen is 
used for ammonium and stored COD (PHA) oxidation. So, the ratio of 5:1 will be necessary.    
2. Assumptions for Zeolite Adsorption Experiment (Chapter 6) 
   1. Approximate weight of glue 0.168 g 
  
 
2. No zeolite loss during sampling 





3. All pieces of carrier material are of same weight 
  
 
4. No zeolite loss during Regeneration with NaCl solution. 
  
 
5. No change of temperature during the mixing process.  
  
 
6. Neglecting the affinity of zeolite as SWW (Synthetic wastewater) contain K+ as well.  
 
Cs+ > K+ > NH4+ > H+ > Na+ > Ca2+ > Fe3+ > Al3+ > Mg2+ 
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